THE EXOCRINE PANCREAS is the major provider of digestive enzymes for the luminal phase of digestion. These enzymes are synthesized and secreted by acinar cells, which make up the bulk of the pancreas. Acinar cells, as is the case for cells found in salivary, lacrimal, and other exocrine glands, are polarized with structures related to their secretory function, such as an apical secretory membrane. Protein secreted at the apical membrane enters the ductular system and is conveyed to the intestinal lumen. In acinar cells, digestive enzymes are synthesized in the rough endoplasmic reticulum (RER), pass through the Golgi apparatus, and are then packaged into secretory granules termed zymogen granules (ZGs). Each granule contains a mixture of ϳ20 digestive enzymes and proenzymes. ZGs are ϳ1 m in diameter and, along with granules of other exocrine glands, are significantly larger than most endocrine and neuroendocrine granules, which are from 0.1 to 0.3 m in diameter.
One aspect of secretion is the vectoral vesicular transport guided by the microtubule cytoskeleton from the basolateral portion of the cell, which is filled with RER, to the apical pole. At the end of this journey, mature granules must pass through a subapical network of actin filaments and then dock and ultimately fuse with the apical plasma membrane. Small GTPbinding (G) proteins are involved as molecular switches in a number of these transport steps where their role is often to ensure compartment fidelity (42, 129) . These steps include vesicular transport from the RER to Golgi, interaction of vesicles with microtubules, local remodeling of the actin cytoskeletal network, and docking and fusion with the apical plasma membrane.
Pancreatic Stimulus-Secretion Coupling
The major extracellular regulators of pancreatic acinar cell secretion in response to nutrient ingestion are the neurotransmitter acetylcholine (ACh), which is released from vagal nerve endings, and the gastrointestinal (GI) hormone cholecystokinin (CCK). These regulators act through specific membrane receptors to increase the intracellular concentration of free Ca 2ϩ , the primary intracellular signal for secretion. Some stimulation of pancreatic secretion or potentiation of the action of ACh and CCK is provided by the GI hormone secretin and the neuropeptide vasoactive intestinal polypeptide (VIP), which act via cyclic AMP. For detailed reviews of these processes consult references 92 and 125.
How Ca 2ϩ acts as an intracellular messenger to stimulate secretion is still poorly understood. In neurosecretion, Ca 2ϩ binds to synaptotagmin, a Ca 2ϩ receptor on the external surface of the synaptic vesicle (37) . The presence of a synaptotagmin on exocrine secretory granules has not been clearly documented. However, there could be yet unidentified Ca 2ϩ -binding molecules similar to proteins involved with neuronal secretion, such as CAPS (56) . Ca 2ϩ could also activate a kinase or phosphatase. Ca 2ϩ -activated kinases investigated in relation to secretion include Ca 2ϩ -calmodulin kinase II, which has broad substrate specificity, and more specific kinases such as myosin light-chain kinase. Diacylglycerol can stimulate a modest amount of secretion through activation of protein kinase C (PKC).
Another class of proteins involved directly in secretory granule fusion with the plasma membrane are the SNARE proteins, so named from their function as soluble N-ethylma-leimide-sensitive factor (NSF) attachment protein receptors (53, 54) . The best-characterized SNARE complex is the synaptic complex made up of synaptobrevin-VAMP on the synaptic vesicle and SNAP-25 and syntaxin-1 on the plasma membrane. Pancreatic acinar cells contain SNARE proteins, although the full complement mediating exocytosis is not fully defined. Recent work suggests that a VAMP-8-SNAP-29-syntaxin-4 complex may mediate regulated secretion, while VAMP-2 may mediate constitutive secretion (124) . Other SNARE proteins are involved in the earlier steps of vesicular transport during the secretory pathway (16) .
Small G Proteins: General Properties
GTP-binding proteins are molecular switches that use a common enzymatic cycle of GTP binding, hydrolysis, and dissociation to activate and deactivate the protein. The changes in guanine nucleotide binding affect the conformation of the protein, and the GTP bound form interacts with and stimulates effector molecules. The two main classes of G proteins are the heterotrimeric G proteins and the small or monomeric G proteins sometimes also referred to as Ras-like G proteins in reference to this prototypical protein. The six families of small G proteins are the Ras, Rho, Rab, Arf, Ran, and Sar proteins, with the last four of these generally linked to intracellular trafficking whereas Ras is associated with cell growth control and the Rho family with actin cytoskeletal remodeling (109) . The Rab family is the largest branch of small G proteins, with over 60 mammalian members, each of which has specific cellular locations and regulate particular steps in exocytotic and endocytotic vesicular transport (24) . All of the small G proteins are ϳ20 -29 kDa in size and share a core GTP-binding domain of ϳ200 amino acids. They also contain unique aminoand carboxyl-terminal domains, which target the G protein to a specific intracellular location, and effector domains, which interact with effector proteins (42) . Many possess posttranslational lipid modifications including amino-terminal myristic acid groups or carboxyl-terminal isoprenylation or palmitoylation, which allow attachment to cellular membranes. All of the small G proteins identified in pancreatic acinar cells and what is known of their cellular location and function is summarized in Table 1 .
Small G proteins are activated by guanine nucleotide exchange factors (GEFs), which accelerate the rate-limiting dissociation of GDP, and are inactivated by guanine nucleotidaseactivating proteins (GAPs). Other accessory proteins sequester inactive G protein in the cytoplasm or assist in targeting and membrane insertion. The most important of these are the GDP dissociation inhibitors (GDIs) such as RhoGDI and the Rab escort protein. Some of the GEFs or GAPs are highly specific for individual small G proteins, and others are more class specific. Some are activated by intracellular signaling and often translocate within the cell. Individual mechanisms will be discussed in conjunction with the specific G proteins. Information on GEFs and GAPs identified in acinar cells is summarized in Table 2 .
Small G Proteins and Pancreatic Secretion: Rho Family G Proteins and the Regulation of the Cytoskeleton
Mammalian Rho GTPases include a family of about 20 molecules best known for their role in regulating and remodeling the actin cytoskeleton, although by acting through a variety of effector proteins they are now known to regulate diverse cellular processes, including gene expression, the cell cycle, cell polarity, and cell migration (44, 52) . Some of these effects are mediated by actin, and others may be actin independent. The most highly conserved and best-studied Rho family prototypes, RhoA, Rac1, and Cdc42, have well-known actions on the actin cytoskeleton of cultured cells (81) . Much of this understanding is derived from overexpression studies of dominant negative or constitutively active mutants that lock the G protein into the GDP-or GTP-bound form, respectively. Rho family members are regulated by GEFs, GAPs, and RhoGDI and can also be regulated by phosphorylation. The study of Rho family G proteins in acinar cell secretion was prompted by understanding of the importance of the actin cytoskeleton in this process. In secretory cells, granules or other secretory organelles must pass through the cortical actin network. Both positive and negative roles have been ascribed to this network, which can serve as a barrier to secretion. It is now believed that local disassembly and rearrangement of this network is a prerequisite for exocytosis. In acinar cells, filamentous actin is concentrated under the apical membrane as the terminal web, which also contains myosin II, tropomyosin, and ␣-actinin (25) . Smaller amounts of actin are found as cortical actin under the other plasma membrane domains. Filamentous actin exists in equilibrium with its globular subunits, and a number of toxins that affect this equilibrium can affect acinar cell secretion, including phalloidin, cytochalasins, latrunculin, and jasplakinolide (125) . Pushing the actin equilibrium too strongly in either direction generally inhibits secretion.
The earliest work studying the role of RhoA in pancreatic secretion involved the botulinum C3 exotoxin. This toxin specifically inactivates RhoA through ADP ribosylation at Asp 41 (1) . Although it is difficult to get this protein into cells, Rosada et al. (98) incubated rat acini for 2 h with exogenous C3 toxin and were able to ADP-ribosylate RhoA and reduce CCK-8-stimulated amylase secretion by 33%. However, a latter study by the same group showed no effect of C3 toxin on muscarinic receptor-stimulated amylase release (97) . By use of digitonin-permeabilized rat acini to allow penetration of exogenous proteins, C3 toxin was shown to block the morphological changes of actin rearrangement and basolateral cell blebbing as well as the tyrosine phosphorylation of p125 FAK, another cytoskeletal regulator (62) . In another early study implicating Rho in acinar cells, Nozu et al. (83) showed that secretagogue stimulation of rat acini increased the translocation of RhoA to a microsomal membrane fraction.
To more directly study the activity state of Rho family small G proteins in acinar cells, Bi and colleagues utilized pull down assays using a GST-Rhotekin-Rho binding domain, which specifically binds GTP-liganded RhoA, and a GST-PAK-PBD domain, which specifically interacts with GTP-liganded Rac1 and Cdc42 (4). Little active RhoA or Rac1 is present in untreated cells but CCK treatment activates both in a concentration-dependent manner. RhoA activation in acini has also been demonstrated using a SRE.L reporter in response to CCK, carbachol and bombesin (Bi Y, Lim JW, and Williams JA, unpublished data). RhoA and Rac1 both translocate from cytosol to a membrane fraction in response to CCK and carbachol, and immunohistochemistry shows increased localization in the apical pole of the cell (4). RhoA is located mainly in the subapical area around the lumen, whereas Rac1 shows strong punctuate staining in the area where ZGs are concentrated. Inhibiting RhoA with C3 exotoxin or dominant negative RhoN19 and inhibiting Rac1 with dominant negative RacN17 all decrease stimulated amylase release by 25-30% without affecting basal release (4) . Simultaneous inhibition of RhoA and Rac1 results in a greater inhibition of CCK-induced amylase secretion and also reduced basal amylase release. By contrast, dominant negative Cdc42N17 does not affect secretion. When constitutively active RhoV14 or RacV12 is expressed in acini, basal amylase release is normal, but CCKstimulated release is approximately doubled (3). By contrast, active Cdc42V12 is without effect. Introduction of dominant negative RhoA, Rac1, or C3 exotoxin also decreases the secretory response to carbachol but does not affect the increase in intracellular free Ca 2ϩ (4) . In addition to effects on secretion, the Rho family of small G proteins also have effects on the apical actin cytoskeleton and the basolateral blebs, which are induced by supraphysiological concentrations of CCK and to a lesser extent by carbachol (7, 84) . Acini with constitutively active RhoA and Rac1, but not Cdc42, show basolateral blebbing, enhanced basolateral actin staining with fluorescent phalloidin, and reduced apical filamentous (F)-actin (3). Dominant negative RhoA, Rac1, and C3 toxin all partially block the actin reorganization and basolateral blebs induced by supramaximal CCK. That these morphological changes are mediated by the actin cytoskeleton was supported by the finding that the actinpolymerizing toxin jasplakinolide induces basolateral blebs, whereas latrunculin, which sequesters actin subunits, prevents the morphological changes induced by CCK (3).
Because physiological secretagogue stimulation does not greatly alter the actin cytoskeleton, it is believed that it is the local actin reorganization, especially at the apical region and not the amount of total F-actin that determines or affects the process of secretion. One recently identified site for actin polymerization is as a coating on ZGs that have fused with the apical membrane (77, 119) . Both C3 exotoxin and latrunculin block the ZG coating upon secretagogue stimulation (78) .
Only a little is known regarding how the Rho family G proteins are activated or which downstream effector proteins are involved in pancreatic acini (Table 2 ). Both heterotrimeric G 12/13 and G q proteins are known to activate Rho and RacGEFs in various cells (99) . RhoA is most often activated by G 13 . In fibroblasts transfected with CCK receptors, CCK induction of actin stress fibers was used as a readout of Rho activity mediated by G 12/13 (66) . G 12/13 activates specific RhoGEFs that possess a regulator of G protein signaling (RGS) domain, which binds the ␣-subunit of G 12/13 (35) ; two of these proteins, p115 Rho-GEF and LARG, are present in acinar cells (Bi Y and Williams JA, unpublished data). Moreover, in the fibroblast model (66) and in acinar cells (Sabbatini ME and Williams JA, unpublished data), the isolated RGS domain from p115 Rho-GEF specifically blocks RhoA activation. Thus, it is likely that G 12/13 mediates, at least in part, the activation of RhoA by CCK or ACh. Several downstream effectors of RhoA have been identified, including Rho kinase, protein kinase N, mDIA, rhotekin, and citron (5). Rho kinase is in part responsible for increased phosphorylation of myosin light chain, which leads to stress fiber formation in fibroblasts or contraction in smooth muscle. However, a Rho kinase inhibitor, Y-27632, did not affect stimulated amylase secretion (4, 65) . Rho family GTPases are also known to activate phosphatidylinositol 4-phosphate 5-kinase (PIP5K), thereby increasing PIP 2 synthesis (123) . In other cells, PIP 2 is important not only as substrate for phospholipase C (PLC) but as a regulator of the SNARE complex. Although its significance is not clear, RhoA has been shown to immunoprecipitate in a complex with Vav2 and Src from pancreatic acini, with complex formation stimulated by CCK (63) .
A number of GEFs can activate Rac1 (99); however, little is known concerning the activation of Rac1 in pancreatic acini. We (68) have recently demonstrated that one downstream effector of Rac1 is PAK2, and that its activation involves an adaptor protein, Beta-PIX. Blockage of the activation of PAK2 inhibited amylase secretion similar to the inhibition by dominant negative Rac1.
Rho family G proteins are inactivated by GAPs and over 70 have been identified in eukaryote cells (112) . These differ in their specificity, with some acting on multiple Rho family members and some acting on a single GTPase. Some GAPs show tissue-specific expression and function. To date there have been almost no studies of these proteins in acinar cells, although p50 RhoGAP, p122 RhoGAP, p190 RhoGAP-B, and RICS have been observed by mass spectrometry (96) or PCR (Sabbatini ME and Williams JA, unpublished data).
Small G Proteins on Secretory Granules
A number of small G proteins were initially identified on ZGs by Western blotting or immunohistochemistry. Mapping of GTP-binding proteins on pancreatic ZGs by 2-D gel electrophoresis and blotting with 35 S[GTP␥S] have revealed that multiple small G proteins are present on ZG membranes (38) ; however, their identities could not be determined at that time. Recent proteomic analyses of pancreatic ZG membranes have identified a number of small G proteins, including Rab1, Rab2, Rab3D, Rab4, Rab5, Rab6, Rab8, Rab11, Rab14, Rab26, Rab27B, Rac1, and Rap1 (14, 15, 96) . All of these small G proteins, when evaluated by protease protection assays, are on the external surface of the ZG.
Rab proteins cosegregating in phylogenetic trees show a pattern of similar cellular localization and/or function and thus can be grouped in "Rab functional groups" (32) . These functional groups reflect similarity of sequence and localization and/or function and may also represent shared ancestry. Rab proteins and their effectors play a major role in maintaining specificity during vesicular trafficking through tethering of a vesicle to its correct target organelle (129) . Rab-regulated tethering proteins are often multiprotein complexes or large proteins with flexible coiled-coil regions. Among all 60 mammalian Rab proteins, Rab3A, -B, -C, and -D form a cluster, and its nearest neighbor is the Rab27A/B cluster. Both Rab3 and Rab27 have been found to play important roles in regulated secretion in a variety of secretory cells (32) . Rab3 is also analogous to the yeast protein Sec4. To date, most biochemical and functional studies of small G proteins on acinar cell secretory granules have been carried out on Rab3D, Rab27B, and the Ras-related small G protein Rap1; so these will be described individually, followed by a summary of other Rabs. Notably, these G proteins participate in the targeting of a mature secretory granule, the ZG, to its target membrane, the apical plasma membrane.
Rab3D. The Rab3 proteins Rab3A, -B, -C, and -D are associated with secretory vesicles or granules in neurons and neuroendocrine, endocrine, and exocrine cells, and are thought to play an important role in regulated exocytosis (32, 37) . While Rab3A and Rab3C are most abundant in neurons and neuroendocrine cells (32, 37) (79, 86, 111, 115, 118) . While Rab3D is the only Rab3 isoform in acinar cells, islet ␤-cells in the pancreas contain all four isoforms (94) .
In recent years, the functions of Rab3 proteins, especially Rab3A, have been intensively investigated in neurons, chromaffin cells, and PC12 cells (37, 109) . Functionally, although it is not clear whether stimulatory or inhibitory, most of the studies point toward a role for Rab3 in the secretion of hormones and neurotransmitters (36, 45) . In PC12 cells, Rab3 controls the number of granules docked at the plasma membrane (71) . Biochemical data demonstrate that Rab3A is an abundant GTP-binding protein that is localized to synaptic vesicles and dissociates from synaptic vesicles after membrane fusion (31) , suggesting an important function for Rab3 in exocytosis. However, mild behavioral deficits from both mice lacking Rab3A (36) and Caenorhabditis elegans Rab3-null mutants (82) indicates that Rab3A is not an essential component of the secretory apparatus but instead plays a regulatory role in neurotransmitter release. Alternatively, redundancy could exist with other small G proteins. Different effects of Rab3A have been observed at the synaptic level, depending on the synapse and process examined, and there are large effects on long-term potentiation (8) . More importantly, when all four Rab3 isoforms are genetically deleted, the mice die shortly after birth due to respiratory failure (103) .
In pancreatic acinar cells Rab3D is localized to the outer surface of the ZG membrane (14, 86, 118) ; moreover, by cell fractionation ϳ80% of total Rab3D is in the membrane fraction (12) . The secretory granule localization of Rab3D in various exocrine cells implies that it may be involved in regulated exocytosis. Several lines of functional evidence suggest that Rab3D plays a positive role in regulated exocytosis in pancreatic acini. Redistribution of Rab3D from cytosol to membrane is observed during development, concurring with the onset of regulated exocytosis (116) , and redistribution of a Rab3 from secretory granule to the Golgi complex is seen during regulated exocytosis (55) . Second, a Rab3 effector peptide increases Ca 2ϩ -stimulated amylase release from permeabilized pancreatic acini (87, 89) and enhances fusion between isolated granules and plasma membranes (27) . Finally, overexpression of Rab3D enhances the initial phase of regulated amylase secretion from pancreatic acini of transgenic mice (88), whereas overexpression of two dominant negative Rab3D mutants by recombinant adenovirus inhibits stimulated amylase release in cultured pancreatic acini, with a stronger inhibition during the early phase (11) . To evaluate the potential mechanisms by which the dominant negative Rab3D mutants act to inhibit regulated secretion, an affinity precipitation assay has been used based on the property of the Rab3 effector Rim1 to interact only with GTP-bound Rab3D (12) . By use of this assay, it was found that Rab3D is predominantly in the active GTP-bound state on ZG membranes and that the dominant negative Rab3D mutants interfere with endogenous Rab3D function by reducing the GTP-bound Rab3D on ZGs (12) . It has also been shown that ZGs engaging in exocytosis become coated with actin before fusion, and formation of this actin coating is associated with the release of Rab3D localized on ZGs (119) . This may provide a link between actin cytoskeleton and Rab3D in acinar cells.
Recently, a Rab3D knockout (KO) mouse has been developed (95) . Similar to the Rab3A KO (36), these mice do not have a dramatically abnormal phenotype. Both the exocrine pancreas and the parotid gland show normal release kinetics in response to secretagogue stimulation (95) . However, the size of secretory granules in both the exocrine pancreas and the parotid gland is significantly increased, with the granule volume being doubled (95) . These observations led the authors to conclude that Rab3D is not required in exocytosis but instead exerts its function during granule maturation, possibly by preventing homotypic fusion of secretory granules (95) . An alternative possibility for this finding is the presence of additional Rab(s) that regulate secretory granule exocytosis in the exocrine pancreas and overlap in function with Rab3D, therefore compensating the loss of Rab3D in the KO mice. Among the Rabs identified on ZGs, Rab27B is the most closely related Rab protein with Rab3D and likely to have redundant function in regulating acinar secretion. It will be interesting to examine the phenotype in exocrine glands of a Rab3D/Rab27B double KO. In contrast to exocrine glands, Rab3D-deficient mice demonstrate a more dramatic osteosclerotic phenotype (91) . Although basal osteoclast number in null animals is normal, the total eroded surface is significantly reduced and ultrastructural analysis reveals that Rab3D Ϫ/Ϫ osteoclasts exhibit irregular ruffled borders, the site at which secretion of lysosomal enzymes occurs (91) .
Two putative effectors for mammalian Rab3s have been identified in neurons: rabphilin (67, 107) and Rim family members (121, 122) . All preferentially bind to GTP-bound Rab3A. In exocrine pancreas, however, neither of these two proteins has been detected. Possible Rab3 effectors in nonneuronal cells include Noc2 and granuphilin, although granuphilin appears to be localized in islets in the pancreas. Therefore the complement of endogenous Rab3D effector(s) in acinar cells is incompletely understood. In addition to the above effectors, Rab3A interacts with calmodulin in a GTP-independent fashion (90) . Rab3A and calmodulin independently are known to regulate Ca 2ϩ -triggered release of neurotransmitters and hormones. Recently, it has been reported that the Rab3A-calmodulin interaction is required for Rab3 inhibition of exocytosis in PC12 cells (17) . In contrast to Rab effectors, very little is known about the specific regulators (GEFs and GAPs) for Rab3. To date, two Rab3-GEFs, Rab3-GEP (102) and GRAB (69) , and one Rab3 GAP (75) have been identified. Rab3-GEP KO mice die shortly after birth due to respiratory failure. In Rab3-GEP Ϫ/Ϫ embryos, most of the synaptic vesicles at the neuromuscular junction are located apart from the presynaptic plasma membrane, indicating that they did not readily undergo exocytosis (110) .
Rab27B. Evidence of Rab27 proteins as key regulators in exocytotic pathways has recently emerged. In 2000, mutations of the Rab27A gene were identified as the cause of pigmentary dilution and immunodeficiency in human Griscelli syndrome (73) as well as the melanosome transport defects observed in ashen mice (126) . These findings and subsequent characterizations of Rab27A localization and function have established its role in exocytotic pathways of various secretory vesicles and lysosome-related organelles (33, 50, 51) .
Rab27B, a closely related gene product, was first identified on ZG membrane in a proteomic analysis aiming at a comprehensive identification of ZG membrane proteins (15) . The presence of Rab27B on ZG membranes was confirmed by Western blotting analysis of purified ZG membranes and immunohistochemistry in isolated acini and isolated ZGs (15) . The presence of Rab27B in exocrine pancreas has been subsequently reported in other, independent studies (40, 101) . Rab27B is also abundantly expressed on secretory granules in rat parotid acinar cells (48) . Although Rab27A was detected in some proteomic analyses of purified ZG membrane (15, 96) , Rab27A is localized primarily to pancreatic islets by immunocytochemistry (50, 101) , suggesting that it is a potential contaminant protein in ZG membrane preparations. It is worth noting that Rab27A has been shown to regulate the exocytosis of insulin-containing dense-core granules in a ␤-cell line and isolated islets (60, 128) .
Although the function of Rab27A in melanosome transport and lytic granule exocytosis has been well established (104, 105) , the function of Rab27B is much less well understood. In pancreatic acinar cells, overexpression of a dominant negative mutant of Rab27B using recombinant adenovirus significantly inhibits acinar secretion, whereas a constitutively active mutant enhances it (13) . In parotid acinar cells, the introduction of either an isolated Rab27-binding domain or functionally blocking antibodies to Rab27B in vitro strongly inhibits isoproterenol-stimulated amylase release from streptolysin O-permeabilized cells (48) . Together these results demonstrate that Rab27 plays a key role in regulating exocytosis in exocrine glands. Very recently, Rab27B KO mice have been generated and studied by two groups (40, 74, 113) . It has been shown that Rab27B KO mice exhibit significant hemorrhagic disease, reduced secretion of dense granules in platelet cells, and defects in mast cell degranulation (40, 74, 113) . Neither of these studies reports the examination of exocrine functions in the Rab27B KO mice.
Rab proteins are believed to exert their functions in vesicular trafficking through their corresponding effectors. To date, 11 putative Rab27 effectors have been reported, including synaptotagmin-like proteins (Slp1-5), Slacs (a, b, c), rabphilin, Noc2, and Munc13-4 (32, 50) . The discovery of the Rab27 effector family has led to new insights into the mechanism of Rab27 functions. It is now well established that Slac2-a/melanophilin acts as a linker between Rab27A and myosin Va, and the formation of a tripartite protein complex is essential for melanosome transport (32, 50, 108) . By contrast, much less is known about the mechanism of granule exocytosis mediated by Rab27B. In exocrine glands, several potential Rab27B effector proteins have been identified, including Slp1, Slp4-a, Slac2-c, and Noc2 (15, 34, 48, 72, 96, 101) . Slp1 colocalizes with Rab27B on pancreatic ZGs and interacts with Rab27B in vivo by coimmunoprecipitation (101) . In Slp1 KO mice, an increased number of ZGs in pancreatic acinar cells compared with wild-type mice is observed in fasted but not in fed animals (101) . Slp4-a (granuphilin) has also been identified on ZGs by two independent proteomic studies of pancreatic ZG membrane (15, 96) ; but as mentioned earlier, this may be a contaminant from islet cells. A Slp4-a/syntaxin-2 complex is found in parotid glands, and introduction of the antibody against Slp4-a linker domain in permeabilized parotid acinar cells severely attenuates stimulated amylase release (34) . Noc2 is a candidate Rab27 effector because it binds Rab27A and -B in vitro. Interestingly, in Noc2-deficient mice, amylase secretion in response to stimuli is abolished, and ZGs markedly accumulate in pancreatic acinar cells (72) . However, the subcellular localization of Noc2 protein in pancreatic acinar cells has not yet been thoroughly investigated. In parotid acinar cells, Noc2 is detected in secretory granule membrane and is bound to Rab27. Furthermore, anti-Noc2 antibody inhibits stimulated amylase release from permeabilized parotid acinar cells (47) .
As another indicator of overlap in function between Rab27 and Rab3 is that the same GEF acts on both Rabs in C. elegans (70) and in melanocytes (30) . This suggests that members of related but functionally distinct Rab subfamilies such as Rab27 and Rab3 can be controlled by a common activator. By contrast, Rab27 may have distinct GAPs, and one, EPI64, has been identified in melanocytes (49) .
Rap1. Rap1 is normally included in the Ras family of small G proteins on the basis of its structure and because it was originally identified as an inhibitor of Ras. Rap1 is best known for its role in the control of cell morphology, cell adhesion, and cell cycle (6, 64, 130) . Two isoforms of Rap1 exist, Rap1A and Rap1B, which are 95% identical at the amino acid sequence and appear to mediate similar action (109, 130) . In addition to being posttranslationally modified by geranylgeranylation, the carboxyl-terminal domain of Rap1 contains a polybasic sequence, which also participates in binding to the membrane (109) .
Rap1 is activated within the cell by a variety of second messengers, including Ca 2ϩ , DAG, PLC␥, and cAMP, which interact with specific Rap1-GEFs (64, 109, 130) . Ca 2ϩ and DAG interact with CalDAG-GEFs (127) whereas cAMP interacts with Epacs (23, 61) . Four CalDAG-GEFs exist but only CalDAG-GEFI and -III are able to active Rap1 (127) . All CalDAG-GEFs have a CDC25 domain, which is necessary for the GEF activity, and Ca 2ϩ -and DAG-binding domains. With respect to Epacs, there are two isoforms, Epac1 and Epac2, which have distinct tissue-specific patterns of expression (23, 61) . Both Epac1 and Epac2 can activate Rap1 (2, 28, 106) . In addition to the CDC25 domain, Epac1 contains a single cAMPbinding domain, whereas Epac2 contains two cAMP-binding domains, one of lower affinity and another of higher affinity for cAMP (22) . Other Rap1-GEFs have been found, such as C3G, which contains a proline-rich domain that interacts with the SH3 domain of members of the Crk adaptor proteins, and PDZ-GEF, which contains PDZ, and Ras association, and Ras-GEF domains, as well as a carboxyl-terminal motif for binding to PDZ domains (109) . Unlike PDZ-Rho-GEF, PDZ-GEF lacks the RGS domain (109) .
In pancreatic and parotid acini, Rap1 may also be involved in the regulation of enzyme secretion. Rap1 has been identified on secretory granule membranes in mouse and rat pancreatic acini by mass spectrometry and immunocytochemistry (15, 100) as well as in rat parotid glands (18, 57) . In addition, two Rap1-GEFs have recently been found in mouse pancreatic acini, CalDAG-GEFIII and Epac1 (100). Unlike Rap1, which attaches to granule membranes through its lipid, Epac1 is most likely associated with ZG membranes through protein-protein interaction (100) . Recently, Epac has been shown to be a mediator of cAMP signaling in pancreatic acini. By use of two cAMP analogs that activate the Epac pathway but not the PKA pathway, Epac-specific effects to enhance carbachol-stimulated amylase secretion by rat acini are observed (10) . In mouse pancreatic acini, amylase release evoked by cAMP is PKA independent and Epac1 dependent, since a PKA inhibitor does not modify the response to the unselective cAMP analog 8-bromocAMP, the Epac-selective cAMP analog 8-(p-chlorophenylthio)-2Ј-O-methyl-cAMP (8-pCPT-2Ј-O-Me-cAMP) or vasoactive intestinal peptide (VIP) (100) . Moreover, the effect of Epac1 on amylase release by acinar cells is not mediated by Ca 2ϩ mobilization (100), though Epac2 is a stimulator of Ca 2ϩ -induced Ca 2ϩ release in pancreatic ␤-cells (58, 59) .
Several second messengers and secretagogues activate Rap1 in mouse pancreatic acini. By use of the Rap1-binding domain of RalGDS, a Rap1 effector, as an activation-specific probe for Rap1, it has been found that Rap1 is rapidly activated by Ca 2ϩ and DAG most likely through CalDAG-GEFIII as well as by cAMP acting via Epac1. Stimulation with CCK, carbachol, and VIP as well as the Ca 2ϩ ionophore A-23187, phorbol ester, forskolin, 8-bromo-cAMP, and the Epac-selective cAMP analog 8-pCPT-2Ј-O-Me-cAMP all induce an increase in GTPRap1 levels (100). Moreover, activation of Rap1 is involved in pancreatic amylase secretion. Overexpression of Rap1GAP to block Rap1 activation not only reduces the effect of 8-bromocAMP, 8-pCPT-2Ј-O-Me-cAMP, and VIP on amylase release by 60% but also reduces CCK-and carbachol-stimulated pancreatic amylase release by 40% (100).
Rap1 is also implicated in parotid secretion. In rat parotid acini, Rap1 translocates from membranes to cytosol upon stimulation with the ␤-adrenergic agonist isoproterenol, and this event occurs in parallel to an increase in amylase release (19) . Unlike in rat parotid acini, Rap1 does not translocate in mouse pancreatic acini upon stimulation (100). This difference could be related to the finding that PKA, which mediates Rap1 translocation in certain cell types (93, 114) , is not involved in Rap1 activation in pancreatic acini (100) .
There is little information about the mechanism by which Rap1 could exert its effect on enzyme secretion. In the past few years, several potential effector proteins have been shown to interact with the active form of Rap1 and in some way participate in the regulation of actin cytoskeleton (6) . Among others, Arap3, Vav2, and Tiam1 are likely Rap1 effectors that link Rap1 to actin dynamics. Another potential target for Rap1 is the light-chain 2 (LC2) of the microtubule-associated protein MAP1A, which not only acts as a linker between Epac1 and microtubules but also enhances activation of Rap1 by Epac1 (43) . However, to date, there are no reports about the effectors implicated in the response to Rap1 in digestive exocrine glands.
Another possible mechanism that needs to be considered is that Rap1 acts through Ca 2ϩ , an important mediator in parotid and pancreatic protein secretion. In cardiac myocytes, activation of Rap induces Ca 2ϩ mobilization and PLCε stimulation mediated by Epac (85) . However, in pancreatic acini, this mechanism is unlikely, because preventing Rap1 activation by overexpression of Rap1-GAP in pancreatic acini does not modify either CCK-or carbachol-induced Ca 2ϩ mobilization, although a decrease in both CCK-and carbachol-induced amylase release is observed (100) .
Other Rabs on ZGs. Several other Rab proteins have also been identified on ZG membranes by mass spectrometry or immunodetection including Rab1, Rab2, Rab4, Rab5, Rab8, Rab11, and Rab26 (Fig. 1) . Some of these, such as Rab1 and Rab2, which normally function in ER to Golgi transport, may avoid recycling and follow the secretory pathway to the ZG membranes in small amounts. The distribution of Rab6 overlaps Golgi and is present on only a small fraction of ZGs, which in acini are close to the trans-Golgi network (TGN) (15) . In other cells, Rab6 is associated with retrograde intra-Golgi and Golgi-ER transport (21) . Since Rab6 is not seen on ZGs in the apical pole of the acinar cell, it may well dissociate from ZGs and recycle. Rab6 may also play a role in microtubule dependent movement through its interaction with Rab kinesin-6. Rab 6 also regulates constitutive secretion of small vesicles (41) .
Rab4 and Rab5 are generally associated with endosomal recycling (129) and may have reached the ZG by that route. Alternatively, Rab5 may be delivered to the apical plasma membrane to participate in the subsequent endocytosis of added secretory membrane. In acinar cells, Rab4 is colocalized with the actin terminal web (117) . Rab4 has been suggested to be involved in regulated exocytosis in rat pancreatic acini, since both a carboxyl-terminal peptide and an antibody to Rab4 enhance secretion in permeabilized acini (87) . These data imply a negative modulation of secretion by Rab4 without specifying its exact localization.
In a recent study, Rab8 was localized to ZGs in acinar cells of the rat pancreas. Furthermore, RNA interference experiments to "knock down" the expression of Rab8 were performed in pancreatic AR42J cells (29) . Silencing of Rab8, but not of Rab3, resulted in a decrease in the number of ZGs and in an accumulation of granule marker proteins within the Golgi complex. Those authors concluded that Rab8 is involved in ZG formation (29) . Rab8 is also present on melanosomes, where experimental evidence suggests it plays a role in regulating actin dependent movement of melanosomes (9) .
It has been reported previously that Rab11 is present in rat isolated pancreatic acini and translocates from cytosol to a membrane fraction upon stimulation with CCK; moreover, immunohistochemistry localizes Rab11 to the apical region of the cell (46) . In a study in which a monoclonal antibody developed against recombinant Rab11 was used in rabbit tissues, immunoreactivity is highly enriched in most epithelial cells and punctuate subapical staining is observed in pancreatic acinar cells (39) . Similar results are found in isolated rat acini where staining of some but not all isolated rat ZG was also observed (15) . Although there are no functional data for acinar cells, in gastric parietal cells a dominant negative Rab11 inhibits gastric acid secretion, which involves tubulovesicles fusing with the apical plasma membrane (26) .
Rab26 was originally identified in rat pancreas by homology screening with a Rab3 probe (120) , and later the protein was identified on ZG by mass spectrometry (96) . It appears to participate in several types of regulated secretion, including amylase release from parotid acinar cells (76) .
Additional small G proteins have been identified in acinar cells by mass spectrometry through at least two unique peptides but have not yet been further studied. These include RalA, Rab7, Rab10, Rab14, Rab18, and Rab35.
Conclusions and Future Directions
Small G proteins play important roles in the secretory pathway leading up to exocytosis in pancreatic acinar cells. Distinct Rab proteins are associated with different steps in the secretory pathways. However, it is still unclear whether they exist in the activated state with a primary purpose of securing Fig. 1 . Small G proteins as regulators of the steps by which secretory proteins move through the secretory pathway from rough endoplasmic reticulum (RER) to enzyme release by exocytosis. TGN, trans-Golgi network. Small G proteins are listed in blue and shown next to steps where they have been identified. Other proteins identified on zymogen granules (ZGs), which may play a role in secretion, are listed in black. Right: mature ZGs pass through the actin filaments of the terminal web with the aid of RhoA and Rac1, are attached to the membrane by tethering proteins, and then dock and fuse with the apical membrane to release their contents. These terminal steps involve the participation of SNARE proteins. At the time of fusion, the granules also become coated with actin, and at least some of the G proteins are released. fidelity of vesicular transport. Several Rabs as well as Rap1 may regulate the terminal steps in secretion whereby granules are tethered, dock, and fuse with the apical membrane as shown in Fig. 1 . A major need is to obtain more information about effector proteins with which these G proteins interact and whether this interaction is dependent on the G protein being in the active configuration. More information is needed on how these proteins may bring about granule tethering or the regulation of SNARE protein complexes. Rab proteins may also participate in granule formation and regulate granule size. Rho family G proteins appear to regulate secretion through effects on the actin cytoskeleton. Further information is needed on both their activation and effector mechanisms as well as more highresolution spatial information on where Rho is being activated.
Much of the limitation in research on the role of small G proteins in exocrine secretion relates to the difficulty in altering protein expression in differentiated exocrine cells. Thus, application of small interfering RNA techniques to knock down specific proteins as well as techniques for tissue-specific transgenic regulation of proteins in vivo need to be developed. This, in conjunction with techniques to study protein-protein interaction with high temporal and spatial resolution, will be necessary to fully understand the role of G proteins as important regulatory molecules in acinar cell secretion.
